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the gene-environment interaction, have attracted many attentions. 5 Numerous evidences have demonstrated that DNA methylation, an important epigenetic modification, could regulate gene expression and involve in various biological and pathological processes, including CAD. 5, 6 Our previous studies demonstrated that global DNA methylation level has certain significance in the pathogenesis of CAD. 7 Because epigenetic processes are reversible, they are potentially valuable targets for disease treatment. 8 Therefore, continuous explorations of the relationship between epigenetic mechanisms in the plaque formation and rupture will provide novel insights into the aetiology and potential therapeutic targets. 9 Coronary artery disease was considered to be caused by a series of inflammatory procedures and promoted by oxidative stress. 10, 11 The imbalance in the oxidant/antioxidant mechanisms caused by excessive reactive oxygen species (ROS) leads to a state of oxidative stress. 12 TXNIP, one of the α-arrestin protein superfamily, is originally found as an oxidative stress modulator by inhibiting the activity of thioredoxin. 13 Depending on the accumulation of ROS and generation of oxidative stress, TXNIP also plays important roles in inflammatory responses 14 and cell apoptosis. 15 TXNIP could bind to the NOD-like receptor family, pyrin domain containing 3 (NLRP3) in response to oxidative stress and activate the NLRP3inflammasome to regulate inflammation, which contributes to diabetes and Alzheimer's disease. 16, 17 In diabetes, increased TXNIP has close association with hypertriglyceridemia and high diastolic blood pressure 16, 18 and could induce the apoptosis of pancreatic beta cells. 19 Besides, TXNIP is a key regulator for glucose homeostasis by interacting with the transcription factor carbohydrate response element-binding protein (ChREBP). 20 Various studies showed that TXNIP was overexpressed in peripheral blood leucocytes (PBLs) of CAD patients. [21] [22] [23] However, the specific mechanism of it remained unclear. Recent researches revealed that cg19693031, a methylated position at the 3′ UTR of TXNIP, was associated with type 2 diabetes (T2DM). 24, 25 In addition, cg19693031 was correlated with the sustained hyperglycaemia. 26 Therefore, combined with our previous study, 23 we hypothesized that overexpressed TXNIP regulated by demethylated cg19693031 might play important role in the inflammatory responses and activation of monocytes, which provided compelling evidences for TXNIP serving as a risk factor for CAD. So, we executed the following study to explore the function of TXNIP in CAD.
| MATERIAL AND ME THODS

| Clinical cohorts
From December 2017 to February 2019, a total of 259 individuals including 131 CAD patients and 128 sex-and age-matched control subjects (non-CAD) were recruited in Zhongnan Hospital of Wuhan University (Hubei, China). The inclusion and exclusion criteria in this paper are consistent with previous studies. 27 Fasting plasma glucose (FPG) and lipid levels (total cholesterol (TC), total triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C)) were all detected by standard techniques in Core Laboratory of Zhongnan Hospital.
Relevant data, including smoking status, histories of hypertension, hyperlipidemia, T2DM and other clinical data of all participants, were collected. This study was approved by the Ethics Committees of Zhongnan Hospital of Wuhan University and followed the Declaration of Helsinki.
| DNA extraction and pyrosequencing in peripheral blood leucocytes
Genomic DNA was extracted from PBLs of 108 individuals (54 CAD and 54 controls) from the total samples using phenol/chloroform method and quantified by NanoDrop 2000 (Thermo Scientific).
Bisulphite treatment of genomic DNA (1 μg) was conducted using the EZ DNA Methylation Kit (Zymo Research), and bisulphite-treated DNA (~20 ng) was amplified using the PyroMark PCR kit (Qiagen).
Then, methylation levels were quantified by pyrosequencing using the PyroMark Q96 MD instrument (Qiagen). Non-CpG cytosines, fully methylated and unmethylated DNA were used for quality controls. Methylation level for each sample was calculated as the mean of two independent runs.
| Cell culture
The cells in our work were obtained from China Center for Type Culture Collection (CCTCC), and incubated at 37°C in 5% CO 2 .
THP-1 cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% foetal bovine serum (FBS, Gibco). Human umbilical vein endothelial cells (HUVECs) were cultured with EBM-2 (Lonza) with endothelial growth media supplements.
| Demethylation and bisulphite sequencing in cell lines
THP-1 cells were seeded into 60-mm dishes at a density of 2 × 10 6 cells/mL, and a certain amount of 5-azacytidine was added into RIPM 1640 medium to a final concentration of 0, 0.5 and 1 μmol/L. Then, cells were cultured in 37°C, and refreshed with the medium in 24 and 48 hours, to maintain the concentration of 5-azacytidine. After 72 hours, RNA and DNA were extracted. TXNIP mRNA expression level was determined by qPCR. DNA (~20 ng) was bisulphite-treated as before and then amplified using the EpiTaq™ HS PCR kit (TaKaRa). The PCR products were purified by gel electrophoresis and cloned by a pMD™19 T-Vector Cloning Kit (Takara). Then, methylation levels at cg19693031 were calculated based on the sequencing results of ten clones in an ABI3730 (Agilent).
| Lentivirus transfection
THP-1 cells were seeded in a 12-well plate at a density of 4 × 10 5 cells/ mL and then transfected with lentivirus (Genechem). The TXNIPexpressing lentivirus (TXNIP-lentivirus group, TXNIP-lentivirus) or the corresponding control lentivirus (control lentivirus group, CONlentivirus) was gently suspended in monocytes by determination of multiplicity of infection (MOI = 80). After incubation at 37°C for 12 ~ 16 hours, the virus venom was removed. TXNIP-shRNA lentivirus (TXNIP-shRNA) or control lentivirus (con-shRNA) was transfected following the same procedure. Transfected cells were further cultured in RMPI 1640 medium for further experiments.
| RNA extraction and real-time quantitative polymerase chain reaction
Total RNA of PBLs and THP-1 was extracted using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions.
RNA was qualitied using NanoDrop 2000 and then reversely transcribed into cDNA using Reverse Kit (TOYOBO). Real-time quantitative polymerase chain reaction (qPCR) was performed using Bio-Rad CFX 96 real-time system (Bio-Rad Laboratories (Shanghai) Co., Ltd.) and quantified by SYBR Prime Script qPCR kit (CWBIO). The relative gene expression of mRNA was calculated using the comparative crossing threshold cycle threshold Ct (2 −ΔΔCt ) method and fold change values. GAPDH was used as an internal reference gene. All samples were run in triplicate, and the result was discarded when a difference higher than 0.5 was observed between the duplicates. 
| Protein extraction and Western blot analysis
| Adhesion assay
Human umbilical vein endothelial cells were seeded into 12-well plates at a density of 3 × 10 5 cells/mL and cultured in 37°C for 1 day prior to assays, and the confluence of cells was evaluated under the microscope. THP-1 cells (5 × 10 5 cells/mL) stained with 5 μmol/L BCECF-AM (Beyotime) in the dark for 30 minutes were added onto confluent monolayers of HUVECs and co-cultured at 37°C for 60 minutes. Non-adherent cells were removed and washed with PBS for twice. Then, attached cells were observed with an inverted fluorescence microscope and photographed in five random fields per well at 100× magnification. The number of adherent cells was quantified using the ImageJ software. This assay was performed in triplicate.
| Transwell assay
The migration assay was performed using a Transwell insert plates with an aperture of 8 µm (Corning Incorporated) in 24-well plates.
Monocyte chemoattractant protein-1 (MCP-1; Beyotime) was dissolved in PBS that contained 0.1% bovine serum albumin (BSA). 
| TXINP expression and methylation changes in the formation of THP-1 derived macrophages and foam cells
In vitro the classic cell model was conducted on THP-1 for exploring the roles of TXNIP in the formation of macrophages and foam cells. 
| Statistical analysis
The data were expressed as the mean ± standard deviation (SD), 
| RE SULTS
| Clinical characteristics
Characteristics of all participates are shown in Table 1 . Control individuals (CON) are age-and sex-matched with CAD patients (CAD) (P > .05). Compared with CON, the percentage of neutrophils and monocytes was significantly increased in CAD. On the contrary, the percentage of lymphocytes was significantly decreased in CAD.
CAD patients had higher distributions of diabetes, hypertension,
smoking and hyperlipidemia (P < .05). Levels of FPG, TG and LDL-C in CAD were higher than CON, while HDL-C levels in CAD were lower than CON (P < .05). However, no differences in TC levels and PBLs amounts were detected between two groups.
| Decreased methylation of cg19693031 in the 3′ UTR of TXNIP and was correlated with elevated TXNIP mRNA level
DNA isolated from PBLs of 54 CAD and 54 control individuals were used to investigate the methylation of cg19693031 using pyrosequencing. The clinical information of these individuals was shown in Table 2 . The methylation of cg19693031 in CAD was significantly decreased compared with controls ( Figure 1A,B ) and negatively correlated with TXNIP expression levels (r = −.299, P = .002) ( Figure 1C) .
Similar associations were also seen between the TXNIP expression and FPG or TC levels (r FPG = −.204, P = .04; r TC = −.232, P = .02) ( Figure 1D,E) . However, we did not observe significant correlation between age and the methylation of cg19693031 (r Age = −.147, P = .141) ( Figure 1F ). The methylation of cg19693031 and mRNA expression of TXNIP in three subtypes of CAD were shown in Figure   S1 .
To further verify the correlation between TXNIP expression and methylation in vitro, we used different concentrations of 5-azacytidine to induce THP-1 cells. Notably, the results of the bisulphite sequencing and qPCR showed that decreased methylation level of cg19693031 and increased TXNIP mRNA expression were found in the THP-1 cells treated with 5-azacytidine; moreover, there were statistically significant differences among groups treated with different dosages of 5-azacytidine ( Figure 1G ,H).
| Elevated expression of TXNIP and inflammatory markers in PBLs of patients
The expression of TXNIP in CAD was significantly increased compared with CON (P < .05) ( Figure 2) . Besides, NLRP3, IL-1β and IL-18 mRNA expression were significantly increased in CAD. Moreover, the expression of NLRP3 and IL-18 was positively correlated with TXNIP expression (r NLRP3 = .358, P < .0001; r IL-18 = .302, P < .0001).
However, there was no statistical positive correlation between TXNIP and IL-1β (The result was not shown). The detailed information of qPCR primers was listed in Table S1 .
| TXNIP overexpression promotes the expression of inflammatory markers and activation of monocytes
To investigate whether TXNIP is involved in regulating the inflammatory response and the activation of monocytes, THP-1 cells were transfected with the TXNIP lentiviral expression vector expressing green fluorescent (GFP) protein (TXNIP-lentivirus) and the empty lentiviral vector expressing GFP protein (CONlentivirus). After 72 hours, the efficiency of virus infection was determined by observing the green fluorescence with an inverted fluorescence microscope at 300× magnification ( Figure 3A) and then verified by TXNIP mRNA ( Figure 3B ) and protein expressions ( Figure 3C ).
Compared with the control group, TXNIP-lentivirus transfected cells showed increased mRNA expression of NLRP3, IL-18 and IL-1β ( Figure 3D) , and the numbers of adherent and migrated THP-1 cells were significantly increased ( Figure 3E ).
F I G U R E 4
Knock-down of TXNIP decreased TXNIP expression and inhibited monocyte activation. A, Fluorescent and white light images of THP-1 cells after infected with TXNIP-shRNA1, TXNIP-shRNA2 or CON-shRNA. B and C, The relative TXNIP mRNA (B) and protein (C) expression was determined by RT-qPCR and Western blotting in THP-1 cells transfected with TXNIP-shRNA1, TXNIP-shRNA2 or with CON-shRNA in three independent experiments. D, The relative mRNA expression of NLRP3, IL-18 and 1β was determined by RT-qPCR in three independent experiments. E, The migration capacity of THP-1 cells in three groups was assessed using a fluorescence microscope (100×). F, The adhesive capacity of THP-1 cells in three groups was assessed by Transwell migration assay with an inverted microscope (100×). Results are the means ± SDs for three independent experiments. P < .05 was defined as significant. *P < .05; **P < .01
| TXNIP knock-down inhibits the expression of inflammatory markers and activation of monocytes
THP-1 was transfected with two kinds of TXNIP-shRNA lentivirus vectors (TXNIP-shRNA 1 and TXNIP-shRNA 2), and a control-shRNA lentivirus vector (con-shRNA), which induced the decreased expression of NLRP3, IL-18 and IL-1β in the TXNIP-shRNA groups. The sequences of TXNIP-shRNA and control-shRNA were shown in Table   S2 . However, considering the efficiency of TXNIP knock-down, we chose TXNIP-shRNA 1 to further perform the adhesion and migration assay. As shown in Figure 4 , TXNIP knock-down inhibited the adhesion and migration ability of THP-1.
| Elevated TXNIP and decreased methylation at cg19693031 in the THP-1 derived macrophages and foam cells
Macrophages and foam cells are particularly important in atherosclerotic plaque formation. Compared with THP-1 cells, we found THP-1-derived macrophages and foam cells phagocytized many orange-red lipid particles, have a continuously increased TXNIP expression, while the methylation at cg19693031 was decreased ( Figure S2 ).
| D ISCUSS I ON
Our study revealed that TXNIP expression was regulated by the methylation of cg19693031 and positively related to NLRP3, IL-18 expressions in CAD. Moreover, cytological experiments confirmed that TXNIP could promote the migration and adhesion of monocytes.
Thus, we considered that elevated TXNIP induced by demethylated cg19693031 might activate NLRP3 inflammasome, triggering a series of subsequent inflammatory responses and promoting the activation and inflammation of monocytes and formation of macrophages/foam cells, and ultimately lead to the occurrence of cardiovascular event.
Inflammation induced by oxidative stress persists throughout the formation of AS and results in the occurrence of CAD. 8, 28 TXNIP, as a crucial redox regulator, plays important roles in the process of inflammation, such as the activation of NLRP3 inflammasome and maturation of IL-1β. 29 Our results indicated that the mRNA expression of NLRP3, IL-1β and IL-18 was up-regulated and positively correlated with the increased TXNIP in the PBLs of CAD and THP-1 cells, which is consistent with that TXNIP could promote vascular inflammatory responses and accelerate the process of AS by activating NLRP3 inflammasome. [30] [31] [32] Circulating immune cells have attracted many attentions and involved in CAD. 33, 34 Previous reports revealed ratios of mononuclear and neutrophil were increased in CAD and maybe independent risks. 35 Besides, monocytes dysfunction is equally important in the progression of CAD. 36, 37 A series of processes such as adhesion, migration of monocytes and formation of phagocytic lipid macrophages are the key trigger factors of atherosclerotic plaques. 38 It was reported that TXNIP could be up-regulated in the condition of disturbed flow and involved in promoting endothelial cells dysfunction in CAD. 32, 39 Moreover, our results revealed TXNIP could activate monocytes to promote the progression of AS in all stages.
Site-specific DNA methylation could regulate gene expression and lead to AS. For example, dysregulated cystathionine γ-lyase induced by DNA methylation could contribute to the monocyte-induced inflammation and AS. 40 Hypomethylation of long interspersed nuclear element-1 was relevant to myocardial infarction risk. 41 In this work, we found that methylation of cg19693031 was decreased in the PBLs of CAD and negatively associated with increased TXNIP expression, which was further verified in THP-1 cells. These indicated that cg19693031 might act as a vital role in the pathomechanism of CAD via regulating TXNIP expression.
Researchers have committed to investigating the upstream regulators on the adjustment of DNA methylation in recent years, but no report has demonstrated the upstream mechanism of cg19693031.
In our study, TC and FPG levels were both significantly relevant to methylation of cg19693031, which was coincident to the previous study. 25, 26, 42, 43 Specifically, studies suggested that DNA methylation could be altered by dyslipidemia and the stimulation of insulin or glucose. 44, 45 For example, insulin could lead to changed DNA methylation in the 3′ UTR of ATP2A3. Dysregulated lipid metabolism could induce overexpressed TXNIP by promoting endoplasmic reticulum (ER) stress. 16 At the same time, ER stress could induce MCP-1 overexpression by SET7/9-mediated histone methylation. 46 Therefore, we speculated that glucolipid metabolic might involve in the regulation of the methylation level at cg19693031. On the other hand, the methylation of cg19693031 in PBLs might reflect the methylation status in pancreas, which could be the cause of the insulin resistant and further hyperglycaemia and dyslipidemia in diabetes. 19, 20 Moreover, studies suggested microRNAs were involved in the regulation of DNA methylation. 47 For example, miR-126, miR-148a and miR-21 could regulate methylation of CD4 + T cells and contribute to systemic lupus erythematosus. 48, 49 Thus, there also might be potential microRNAs involved in the modulation of cg19693031.
Nevertheless, our study still has some limitations. For one thing, the sample size is small, so there may be some confounding factors influencing our results. Additionally, without isolating monocytes from PBLs of healthy individuals, we only performed cytological experiments in THP-1 cells. Finally, this study is lack of the verification of animal experiment. Thus, further investigation is required to explain the function of TXNIP in monocytes.
| CON CLUS ION
In conclusion, we proposed that the up-regulated TXNIP influenced by the demethylation of cg19693031 in CAD patients orientated monocytes towards an inflammatory activated state, probably through the NLRP3 inflammasome pathway and played important roles in the formation of macrophage and foam cells.
All of these suggested a potential epigenetic and inflammatory pathway in monocytes regulated by TXNIP involved in the pathogenesis of CAD and revealed TXNIP may be a novel therapeutic target in CAD. 
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